ABSTRACT This paper considers an energy-efficient, hybrid digital, and analog precoding design problem in millimeter-wave massive multiple-input multiple-output systems, in which the analog precoder is realized with a small number of energy-efficient switches and inverters rather than with a large number of highresolution phase shifters. However, finding the optimal weights of such energy-efficient hybrid precoding requires solving a challenging combinatorial problem. A known solver, namely ''adaptive cross-entropy (ACE),'' can provide a reasonable solution but its computational complexity is still high. Thus, a simple yet effective coordinate update algorithm (CUA) is proposed in this paper to reduce the computational complexity while maintaining and even improving the achievable rate performance. In addition, we propose a new hybrid precoding architecture that introduces the antenna selection mechanism into the conventional energy-efficient-based hybrid precoding architecture to further reduce energy consumption. Although, the resulting design problem of this new architecture becomes more complex in that the traditional ACE-based solver cannot be applied directly, the proposed CUA-based solver can still handle this problem. The simulation results demonstrate that the proposed CUA-based solver provides the same or even an improved achievable rate performance than the ACE-based solver at a lower complexity. Furthermore, the energy consumption of the proposed hybrid precoding architecture is lower than that of the conventional energy-efficient hybrid precoding architecture.
I. INTRODUCTION
A hybrid precoding architecture, which is composed of a small-sized baseband digital precoder and a large-sized analog precoder, has been demonstrated to be a promising solution to reduce a large number of radio-frequency (RF) chains required by the fully digital precoding structure in millimeterwave (mmWave) massive multiple-input multiple-output (MIMO) systems while maintaining the performance benefits [1] - [5] . However, the analog RF precoders of most existing hybrid precoding consist of a large number of high-resolution phase shifters (PSs) whose hardware cost and energy consumption both depend on the resolution of the quantized phases. For this reason, the hardware cost and energy consumption of the PS-based hybrid precoding architecture are still high. Although the solutions presented in [6] - [8] proposed the use of the energy-efficient switch network instead of the PS network to reduce the hardware cost and energy consumption, this switch-based hybrid precoding architecture suffers from significant performance degradation because only a few base station (BS) antennas can be activated simultaneously.
Recently, the work in [9] proposed the switch and inverter (SI)-based hybrid precoding architecture, which is a novel, energy-efficient hybrid precoding architecture that utilizes a small number of energy-efficient switches and inverters to replace a large number of high-resolution PSs. Gao et al. [9] further developed an adaptive cross-entropy (ACE) algorithm to find the corresponding precoding weights. Such an architecture is an attractive option in mmWave massive MIMO systems because it leads to a better trade-off between the near-optimal PS-based hybrid precoding architecture and the energy-efficient switch-based hybrid precoding architecture. However, finding the optimal precoding weights requires solving a challenging combinatorial problem. Although the ACE-based algorithm provides a reasonable solution, the required computational complexity is still high. Moreover, it still has space to reduce the energy consumption of the SI-based hybrid precoding architecture.
In this paper, we first devise a simple yet effective algorithm, namely, the coordinate update algorithm (CUA), to solve the SI-based hybrid precoding design problem. Then, we propose a new hybrid precoding architecture that introduces the antenna selection (AS) mechanism into the analog part of the SI-based hybrid precoding architecture, in order to further reduce the energy consumption. This new architecture is a non-trivial extension of the SI-based hybrid precoding architecture. Although there is almost no hardware cost increase with this new architecture, the resulting design problem becomes more complex in that the ACE-based solver cannot be applied directly. By contrast, the proposed CUA can still be applied without significant modifications. Simulation results show that (1) the proposed CUA-based solver provides the same or improved achievable rate performance than the ACE-based solver at a lower complexity, (2) the energy consumption of the proposed hybrid precoding architecture is lower than that of the SI-based hybrid precoding architecture, and (3) the proposed hybrid precoding architecture with CUA can provide a higher achievable rate than the SI-based hybrid precoding architecture with ACE or CUA.
Notations-Throughout the paper, we use R and C to represent the set of real numbers and complex numbers, respectively. The superscripts (·) , (·) H , and (·) −1 denote the transpose, Hermitian transpose, and matrix inversion, respectively. N C (0, σ 2 ) denotes the complex Gaussian distribution with zero mean and variance σ 2 . Finally, j √ −1.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM MODEL
We consider a typical mmWave massive multiuser MIMO downlink system, in which the BS employs B transmit antennas, but only N (N B) RF chains to simultaneously serve U (U B) single-antenna users, as in [9] and [10] . In addition, following [9] - [11] , we assume that N = U can fully achieve the multiplexing gain. At the BS, the transmitted symbol vector s = {s u } U u=1 ∈ C U with E{ss H } = I U is precoded into the transmitted signal x = {x b } B b=1 ∈ C B by a hybrid precoder F = WD ∈ C B×U prior to transmission. Here, D ∈ C N ×U is a digital baseband precoder and W ∈ C B×N is an RF precoder that is implemented using analog circuits (their detailed implementation will be discussed later). Moreover, the total transmit power constraint is expressed as WD 2 F = ρ. At the receiver sides, the collectively received vector, denoted by y = [y 1 , . . . , y U ] ∈ C U , at all U users can be represented by
where z ∈ C U is the noise vector, which is assumed to be a circularly symmetric complex Gaussian vector with zero-mean and covariance matrix σ 2 I U . In addition,
is the channel matrix, with h u ∈ C B as the complex channel gain between the BS and the u-th user, which usually adopts the geometric channel model to capture the poor scattering nature of the mmWave MIMO channel. With this model, the channel vector h u can be expressed as [9] , [10] 
which is a sum of the contributions of L u propagation paths.
, and θ u ∈ (−π, π] denote the complex gain, the azimuth angle of departure (AOD), and the elevation AOD of the -th path for the u-th user, respectively. Further, a(φ u , θ u ) represents the array steering vector, which is a function of the antenna array structure. In this study, we consider a uniform rectangular array (URA) configuration with √ B × √ B antenna elements and antenna spacing of d, whose array response vector corresponding to the -th path for the u-th user is given by [2] a(φ u , θ u )
where λ denotes the signal wavelength, and p = 0, . . . , √ B− 1 and q = 0, . . . ,
√
B − 1 are the antenna element indices. 1 On the basis of the above model, for a given RF precoder W and baseband digital precoder D, the achievable rate R of the considered system can be presented by
where γ u is the signal-to-interference-plus-noise ratio (SINR) of the u-th user, which is given by [9] 
where d u is the u-th column of the baseband digital precoding matrix D. Notably, (4) serves as the objective function in this study.
B. PROBLEM FORMULATION
To achieve better trade-off between the near-optimal PSbased hybrid precoding architecture and the energy-efficient switch-based hybrid precoding architecture, Gao et al. [9] proposed the SI-based hybrid precoding architecture, which replaces a large number of high-resolution PSs with a small number of switches and inverters. As shown in Fig. 1 , the output signal of each RF chain in the SI-based architecture is only connected with M = B N (assumed to be an integer) BS antennas. This is different from the conventional fullyconnected architecture [2] , where each RF chain is connected to all the BS antennas. Therefore, on the basis of the SIbased hardware architecture, the corresponding RF precoding matrix W can be mathematically modeled as
where w n = {w nm } M m=1 ∈ R M is the n-th sub-antenna array of the RF precoder W, and the m-th entry of w n is restricted to w nm ∈ W 1 √ B {+1, −1}. By using the SI-based hybrid precoding architecture, our goal is to maximize (4) by simultaneously optimizing the RF precoder W and the baseband digital precoder D, which can be formulated as
Unfortunately, this joint optimization problem is difficult to tackle due to the non-convex constraints on the entries of the RF precoder in (7c).
III. THE ALGORITHM A. HYBRID PRECODER DESIGN VIA A DECOUPLED STRATEGY
To simplify the joint optimization problem (7), we first consider optimizing the digital precoder D while keeping the RF precoder W fixed. In this case, the non-convex constraint set in (7c) can be removed. Therefore, the digital precoder D can be obtained by solving
However, instead of exactly solving (8), we adopt the zero forcing (ZF) digital precoder as the solution of (8) because of the latter's superior performance and low complexity when B U [10] , [12] . In principle, the ZF digital precoder can be obtained by setting the digital precoding matrix equal to the pseudo-inverse of the effective channel matrix HW. Moreover, the obtained digital precoding matrix must be further scaled by a power normalized factor to ensure that the power constraint in (7b) is satisfied. Therefore, D can be computed as
On the basis of the above-mentioned decoupled strategy, we only need to solve for W. Therefore, the objective function in (4) can be rewritten only in terms of W, i.e., R(W). 2 Consequently, problem (7) can be recast as
subject to (7c).
Due to the discrete nature of W, a straightforward exhaustive search algorithm (ESA) to solve problem (10) requires the examination of |W| B = 2 B candidate matrices, which results in an unaffordable complexity for large values of B. For example, the number of trials required to perform an ESA for an mmWave massive MIMO system with B = 64 BS antennas is 2 64 ≈ 1.84 × 10 19 , which is difficult to achieve. In [9] , the approximate methods for solving (10) using the ACE-based methods have been proposed. However, such population-based stochastic methods still require high computational complexity. In the following subsection, we propose an effective coordinate update framework to address this issue.
B. PROPOSED ALGORITHM FOR SOLVING PROBLEM (10)
To facilitate the subsequent development of the proposed algorithm, we begin by introducing the auxiliary vector =
[w 1 , . . . , w N ] ∈ R B . Then, we represent the RF precoding matrix in (6) as W R( ). Here, the function R(·) : R B → R B×N ''reshapes'' a vector to a set of block matrices, where each block is an B N = M dimension vector and the off-diagonal blocks are zero vectors. For this reason, the objective value of R(W) is equal to that of R( ) for easy presentation. The optimization for W is thus converted to the optimization for . Then, problem (10) can be rewritten in the following equivalent form:
Problem (11) is intractable due to the large number of BS antennas (variables). This observation motivates us to divide the problem (11) into a series of subproblems with a smaller number of variables, each of which is more easily handled. Particularly, we consider an extreme case where problem (11) is decoupled into B single-variable subproblems, after which we develop a cyclic CUA to solve problem (11) at low complexity. The main idea underlying our algorithm is to start from the construction of a feasible vector (0) =
with random elements chosen from W B for problem (11) , where the superscript is the iteration counter. In addition, at the b-th coordinate (variable) of the t-th iteration (cycle), we seek to increase the value of the achievable rate given the last updated values of the other elements of (t) , 3 while still maintaining feasibility. Formally, finding the value of
that maximizes the achievable rate while keeping the other coordinates fixed can be mathematically expressed as
1 , . . . ,
b+1 , . . . ,
where
κ=1 are the last updated values at this iteration (cycle), whereas { (t−1) κ } B κ=b+1 are the updated values at the end of the previous iteration. Although (12) is still a combinatorial optimization problem, the number of trials required to perform a one-dimensional exhaustive search over the set W for (t) b is only |W| = 2, which can be easily implemented. For clarity, the stepwise implementation procedure of the proposed algorithm to solve (11) is summarized in Algorithm 1, where t max is the maximum number of iterations.
Remark 1 (Complexity Analysis):
Given that the calculation of the objective function (9) dominates the computational cost for the tested algorithms, 4 we adopt the number of objective function evaluations as a complexity measure to compare the complexity of the proposed algorithm with those of the ACE and ESA. As shown in Algorithm 1, each coordinate update requires |W| = 2 objective function evaluations. Therefore, running through a full cycle over all the coordinates (variables) requires the B|W| objective function evaluations. As a result, the overall complexity of the proposed algorithm for problem (11) is O(B|W|t max ), whereas the complexity of ESA is O(|W| B ). On the other hand, ACE requires S objective function evaluations for each iteration, where S is the number of candidate solutions. Therefore, Algorithm 1 CUA for Solving (11) Input:
with random elements chosen from W B ; 2 for t = 1 to t max do the overall number of objective function evaluations required by the ACE-based solver is O(St max ).
C. PROPOSED HYBRID PRECODING ARCHITECTURE
Building upon the SI-based hybrid precoding architecture in [9] , we propose a new hybrid precoding architecture that introduces the AS mechanism in the SI-based RF precoder, referred to as the SIAS-based hybrid precoding architecture (Fig. 2) , to further reduce the energy consumption. Evidently, there is almost no hardware cost increase with this new architecture. However, given that each antenna can be turned off or on, the m-th entry of w n is relaxed from w nm ∈
{+1, 0, −1}. As a result, the corresponding search space (complexity) of problem (10) function evaluation for each variable update to examine the performance when the corresponding antenna is turned off. In this case, the overall complexity of the proposed algorithm is increased slightly from O(2Bt max ) to O(3Bt max ).
IV. SIMULATION RESULTS AND DISCUSSION
Our simulation setup is identical to that in [9] , where a URA configuration of a half wavelength spacing is deployed at the BS. The average achievable rates 6 are obtained by averaging over 1000 independent channel realizations for each signal-to-noise ratio (SNR). Here, the channel parameters are set as L u = 3 paths, the average power of each path is σ 2 α u = 1, and the azimuth and elevation AODs follow the uniform distribution in the interval [−π, π]. However, in addition to a URA configuration with B = 8 × 8 antenna elements considered in [9] and [11] , a URA configuration with B = 12 × 12 antenna elements is also applied in this study. For comparison, other hybrid precoding schemes for mmWave massive multiuser MIMO systems are tested, including the near-optimal PS-based hybrid precoding architecture with the two-stage algorithm [11] , the switch-based hybrid precoding architecture with the AS algorithm [6] , and the SI-based hybrid precoding architecture with the ACE algorithm [9] . As a reference, the fully digital ZF precoding is also included. 7 6 As reported in [9] , the SI-based hybrid precoding architecture with ACE can achieve a much higher energy efficiency than the other hybrid precoding architectures. Therefore, the four major objectives of this study are as follows: (1) to compare the average achievable rates of the SI-based hybrid precoding architecture with ACE and that with CUA, (2) to compare the complexities of the SI-based hybrid precoding architecture with ACE and that with CUA, (3) to compare the average achievable rate of the SIbased hybrid precoding architecture with ACE and that of the SIAS-based hybrid precoding architecture with CUA, and (4) to compare the energy consumption levels of the SI-based hybrid precoding architecture and the SIAS-based hybrid precoding architecture. 7 The parameter settings of these compared schemes are similar to those used in [9] . For ease of reference, the parameter settings of ACE (the main method of comparison) are also listed in Table 1 . Fig. 3 illustrates the average achievable rate as a function of SNR for different hybrid precoding architectures, where the SNR is defined as ρ/σ 2 and N = U = 4, which are the same as in [9] - [11] . Several notable observations can be derived from Fig. 3 . First, as B increases, all the hybrid precoding schemes can provide a better average achievable rate performance because increasing B enables the asymptotic orthogonal condition among all the steering vectors. Second, the SI-based hybrid precoding architecture can provide a much higher achievable rate than that obtained by the switch-based hybrid precoding architecture with the AS algorithm for both B = 8 × 8 and B = 12 × 12. The performance gap between the PS-based hybrid precoding architecture with the two-stage algorithm and the SI-based hybrid precoding architecture with the ACE algorithm is limited and keeps constant for both B = 8 × 8 and B = 12 × 12. These results are in agreement with the theoretical analysis presented in [9] . Third, although the SI-based hybrid precoding architecture with ACE and that with CUA present nearly the same performance for B = 8×8, the latter surpasses the former for B = 12 × 12. In addition, we shall see later that CUA requires approximately 19.2% (43.2%) of the complexity of ACE when B = 8×8 (B = 12× 12). These results indicate that CUA is more favorable than ACE. Fourth, for a fixed B, the SIAS-based hybrid precoding with CUA surprisingly provides a higher achievable rate than that obtained by the SI-based hybrid precoding architecture with CUA or ACE. This may be due to the fact that the AS mechanism and the characteristic of the mmWave MIMO channel mainly provide the diversity benefit. Additionally, the simulation results indicate that 37.14% and 39.67% of BS antennas can be turned off for B = 8 × 8 and B = 12 × 12, respectively. This finding indicates that the energy consumption of the proposed SIAS-based hybrid precoding architecture is lower than that of the SI-based hybrid precoding architecture. Fig. 4 presents the average achievable rate obtained in each objective function evaluation at SNR = 10 dB using Algorithm 1 and ACE for the scenarios considered in Fig. 3 . The detailed parameter settings and complexity comparisons for different scenarios are summarized in Table 1 . The results reveal that the SI-based hybrid precoding with the proposed CUA has lower complexity than that with ACE. In addition, the average achievable rate performance of the SI-based hybrid precoding with the proposed CUA is superior to that with ACE for B = 12 × 12, whereas the performance is the same for B = 8 × 8. Furthermore, although the proposed SIAS-based hybrid precoding expands the search space of the SI-based hybrid precoding from 2 B to 3 B , the number of objective function evaluations needed by CUA to reach convergence for B = 8 × 8 and B = 12 × 12 are 1152 and 3888, respectively. This outcome reveals that the complexity of the proposed SIAS-based hybrid precoding with CUA for B = 12 × 12 is even less than that of the SI-based hybrid precoding with ACE for B = 8 × 8.
Comparison of the Average Achievable Rate Performance With other Hybrid Precoding Architectures:

Convergence Behavior and Complexity Comparison:
V. CONCLUSION
The SI-based hybrid precoding architecture exhibits a highly desirable tradeoff between near-optimal PS-based architecture and the energy-efficient switch-based architecture. However, the precoding weights of the SI-based hybrid precoding architecture must be optimized by solving a difficult combinatorial problem. To address this problem, we presented a simple yet effective algorithm to identify the best precoding weights of the SI-based hybrid precoding architectures. In addition, we also proposed the SIAS-based hybrid precoding architecture to further reduce the energy consumption required. The simulation results demonstrate the effectiveness of the proposed algorithm in terms of achievable rate performance and computational complexity.
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